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 48 
The Palu Metamorphic Complex (PMC) is exposed in a young orogenic belt in NW 49 
Sulawesi. It is a composite terrane that comprises a gneiss unit of Gondwana origin, a 50 
schist unit composed of meta-turbidites, which were deposited in a fore-arc setting 51 
along the SE Sundaland margin in the Late Cretaceous, and one or more slivers of 52 
amphibolite with oceanic crust characteristics. The gneiss unit forms part of the West 53 
Sulawesi block, which underlies the northern and central sections of the Western 54 
Sulawesi Province.  The presence of Late Triassic granitoids and recycled Proterozoic 55 
zircons in this unit combined with its isotopic signature suggests that the West 56 
Sulawesi block has its origin in the Sula Spur - New Guinea margin from which it rifted 57 
in the late Mesozoic. It docked with Sundaland some time during the Late Cretaceous. 58 
U-Th-Pb dating results for monazite suggest that another continental fragment may 59 
have collided with the Sundaland margin in the early Cenozoic. High-pressure (HP) and 60 
ultrahigh-pressure (UHP) rocks (granulite, peridotite, eclogite) are found as tectonic 61 
slices within the PMC, mostly along the Palu- Koro Fault Zone, a major strike-slip fault 62 
that cuts the complex. Mineralogical and textural features suggest that some of these 63 
rocks  resided at depths of 60-120 km during a part of their histories. 64 
 65 
Thermochronological data (U-Th-Pb zircon and ³⁹Ar/´⁰Ar ) from the metamorphic rocks 66 
indicate a latest Miocene-Early Pliocene HT-LP  (Buchan-type) metamorphic event, 67 
which was accompanied by widespread granitoid magmatism and took place in an 68 
extensional tectonic setting. It caused recrystallization of, and new overgrowths on, 69 
pre-existing zircon crystals, and produced andalusite-cordierite-sillimanite 70 
assemblages in pelitic protoliths. The PMC was rapidly exhumed as a core complex 71 
(c.0.7-1.0 mm/a) in the late Pliocene.  Some of the UHP rocks were transported to the 72 
surface at significantly higher rates (≥16 mm/a). 73 
 74 
Keywords: Sulawesi; metamorphic complex; P-T estimates; thermochronology; 75 
radiogenic isotopes. 76 
 77 
 78 
 79 
1.0 Introduction 80 
 81 
Some of the early plate tectonic reconstructions of the Indonesian region suggested 82 
that the Western Sulawesi Province (Fig. 1), or a part thereof, might be underlain by a  83 
continental fragment derived from Gondwanaland (Audley-Charles et al., 1988; 84 
Hutchison, 1989; Metcalfe, 1990).  Indirect evidence in support of this speculative 85 
hypothesis was subsequently provided by radiogenic isotope data and limited U-Pb 86 
inherited zircon ages obtained from widespread Late Cenozoic igneous suites, which  87 
were interpretated to indicate  that the central and northern parts of the province are 88 
underlain by continental crust of Australian origin  (Priadi et al., 1994; Bergman et al., 89 
1996; Polvé et al., 1997, 2001; Elburg and Foden, 1999; Elburg et al., 2003).  Polvé et al. 90 
(2001) interpreted granulites exposed in narrow tectonic slices along the Palu-Koro 91 
Fault Zone (PKFZ), a major strike-slip fault that cuts the Palu Metamorphic Complex  92 
(PMC, Fig. 1), to have been derived from this crustal fragment and brought up to the 93 
surface from great depth along the fault system. It was explicitly or implicity assumed 94 
 3 
at the time that the complex was composed of rocks belonging to the Sundaland 95 
margin  beneath which  the continental fragment had been underthrust ( e.g., 96 
Kadarusman and Sopaheluwakan, 1995; Polvé et al., 2001). 97 
 98 
We carried out a reconnaissance study of the PMC in conjunction with a similar study 99 
of the Malino Metamorphic Complex (MMC) located further to the north (Fig 1). It 100 
involved petrographic, electron microscope, geochemical and radiogenic isotope 101 
analyses combined  with U-Pb zircon, U-Th-Pb monazite, and ³⁹Ar/´⁰Ar age dating of a 102 
number of outcrop and float samples. The results of these studies show that  both 103 
complexes consist (in part) of rocks derived from Gondwana, although they differ 104 
significantly in several aspects. The MMC results  have been presented in a paper by 105 
van Leeuwen et al. (2007). Van Leeuwen and Muhardjo (2005), who gave the PMC its  106 
name,  briefly highlighted the main findings of our study of this complex, i.e. it is a 107 
composite terrane (including a continental fragment with Permo-Triassic granitoids 108 
derived from the northern Australia-New Guinea margin, and rocks of Sundaland 109 
affinity), that underwent a Pliocene metamorphic event accompanied by voluminous 110 
felsic magmatism and rapid uplift. 111 
 112 
In this paper we present a detailed account of our study of the PMC. Its objective is 113 
threefold; 1) to describe the setting and nature of the PMC, 2) to present our  114 
analytical data together with their interpretation, and 3) to discuss the possible origin 115 
and tectonic history of the complex.  116 
 117 
    118 
1.1 Sampling and analytical techniques. 119 
 120 
We  collected a total of 72 samples  from several parts of the PMC between 1998 and  121 
2001. They included outcrop, float and drill hole samples. In addition  11 samples were 122 
taken from the Karossa Metamorphic Complex (KMC), which is located to the west of 123 
the PMC (Fig. 1) and is thought to form a part of the same terrane. Sample locations 124 
are shown in Figure 2. Selected samples were subjected to the following analyses:  125 
petrographic (63 samples), electron-probe microanalyses (11), whole rock and trace 126 
elements analyses (22), Sr, Nd and Pb isotopes analysis (12), and ´⁰Ar/³⁹Ar (7), U-Th-Pb 127 
monazite (1) and U/Pb zircon dating (12). Analytical methods are the same as 128 
described by van Leeuwen et al. (2007), unless stated otherwise.  129 
 130 
 131 
2.0 Geological setting 132 
 133 
Sulawesi consists of four distinct tectono-stratigraphic provinces: Western Sulawesi, 134 
which forms part of the southeast margin of Sundaland, Northern Sulawesi, a Cenozoic 135 
island arc built on oceanic crust, Eastern Sulawesi, which consists of metamorphic, 136 
ophiolitic and Mesozoic-Paleogene sedimentary rocks, and the Banggai-Sula 137 
microcontinent (Fig. 1). The basement of Western Sulawesi consists of several 138 
metamorphic complexes, including the PMC and KMC, which are overlain by Upper 139 
Cretaceous turbidites and Cenozoic sedimentary-volcanic sequences. During the Late 140 
Cretaceous magmatism was exclusively potassic to ultra-potassic in nature. 141 
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 142 
The PMC forms the backbone of the “Neck of Sulawesi”, a narrow isthmus that 143 
connects the North Arm with the rest of Sulawesi, and continues further to the south 144 
where it occurs predominantly as roof pendants to young granitoids (Fig. 1).   Its strike 145 
length is about 215 km.  The complex is characterized by rugged mountain terrain with 146 
elevations up to 2.5 km. 147 
 148 
In the Neck, the PMC is flanked by Middle-Late Eocene sedimentary and volcanic rocks 149 
belonging to the Tinombo Formation, which have undergone lower-greenschist facies 150 
metamorphism, and Plio-Pleistocene syn-orogenic sedimentary deposits (Celebes 151 
Molasse) that unconformably overlie older units.  The complex is intruded by stocks 152 
and dykes of dioritic to granodioritic composition, which are co-magmatic with the 153 
Tinombo volcanic rocks, as    suggested by similarities in geochemistry and K/Ar ages 154 
(van Leeuwen and Muhardjo, 2005).  The actual contact between the PMC and 155 
Tinombo Formation has nowhere been observed and could be an angular 156 
unconformity (Sukamto, 1973) and/or has a tectonic origin.  157 
 158 
The southern part of the PMC is bound and locally overlain by the Upper Cretaceous 159 
Latimojong Formation, a thick succession consisting predominantly of weakly 160 
metamorphosed pelitic and fine-grained psammitic rocks with subordinate 161 
intercalations of volcanic rocks  (Simanjuntak et al., 1991; Hadiwijoyo et al., 1993; van 162 
Leeuwen and Muhardjo, 2005).  Again, there is no evidence in the literature from 163 
which the nature of the contact can be deduced, although it is generally assumed to be 164 
an angular unconformity (OTCA, 1971; Simanjuntak et al., 1991; Hadiwijoyo et al., 165 
1993).  The complex is also locally overlain by late Miocene-Quaternary sedimentary 166 
and volcanic deposits. In places these young rocks have  undergone low grade thermal 167 
metamorphism, mainly manifested in the occurrence of new biotite growth without 168 
development of foliation. 169 
 170 
To the west of the PMC another metamorphic complex, named Karossa Metamorphic 171 
Complex (KMC; van Leeuwen and Muhardjo, 2005), is exposed  in two bodies (Fig 1 ).  172 
The northern body, measuring 20kmx25km, is surrounded by sedimentary rocks of the 173 
Latimojong Tinombo/Budungbudung Formations, with the contact being at least in 174 
part tectonic. It consists predominantly of amphibolites in the southern part and mica 175 
schists with subordinate gneiss in the north. The southern body forms a WNW-176 
trending, 15km long fault-bounded inlier in Cenozoic sedimentary rocks. It is composed 177 
of a northern  mica-gneiss zone and a southern schist zone. 178 
 179 
Cenozoic sedimentary rocks are well developed to the west of the PMC.  They consist  180 
of the Middle Eocene to Lower Pliocene Tinombo, Budungbudung and Lisu Formations 181 
(Brouwer, 1934; van Leeuwen and Muhardjo, 2005; Calvert, 2000), which are 182 
unconformably overlain by Plio-Pleistocene syn-orogenic sedimentary deposits 183 
(“Celebes Molasse”). Voluminous plutons and dykes of potassic calc-alkaline felsic 184 
composition, informally named Dondo suite by Kavalieris et al. (1992), and subordinate 185 
shoshonitic to ultrapotassic alkaline rocks have intruded the PMC and younger units 186 
(Elburg et al., 2003)..  Co-magmatic volcanic rocks are locally present.  Available 187 
geological evidence and radiometric age dating suggests that the shoshonitic to 188 
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ultrapotassic alkaline magmatism was intiated  around 13-14 Ma and had ceased by 189 
the earliest Pliocene, and that the felsic magmatism started about 4 Ma later and 190 
continued into the Quaternary,  with a peak in intensity between 7 and 4 Ma  191 
(Widiasmoro et al., 1997; Elburg et al., 2003).  192 
 193 
The most prominent structural feature of the region is the NNW-trending PKFZ, which 194 
cuts through the PMC and links with the North Sulawesi Trench (Fig. 1). Movement 195 
along the fault zone has both significant horizontal and vertical components (e.g. Katili, 196 
1978;). A 200-250 km sinistral displacement during the past 5 Ma year has been 197 
deduced from geological and paleomagnetic studies ( Surmont et al., 1994; Bellier et 198 
al., 2001). Isoclinal folding of Tinombo rocks in the northern part of the Neck (Brouwer, 199 
1934) may be linked to an earliest Miocene collision event recorded in the geology of 200 
Northern Sulawesi (van Leeuwen and Muhardjo, 2005). 201 
 202 
 203 
3.0 Lithologies of the PMC 204 
 205 
The PMC consists of regional metamorphosed rocks ranging from greenschist to 206 
amphibolite facies, and subordinate contact metamorphic and HP/UHP rocks.    207 
 208 
3.1 Regional metamorphic rocks 209 
 210 
This group consists predominantly of various biotite-bearing schists, which commonly 211 
contain andalusite±cordierite±sillimanite assemblages, and biotite gneisses.   212 
Subordinate lithologies include amphibolite, amphibolite schist, amphibole/pyroxene 213 
gneiss, greenschist, various types of migmatite, and metagranitoids, with minor marble 214 
and calc-silicate rocks.   Biotite-bearing schists dominate in the northwestern part of 215 
the PMC and gneisses in the southeastern part. Herein we refer  to rock sequences 216 
that consists predominantly of schist as  “schist unit”, and those in which gneiss is the 217 
dominant rock type as “gneiss unit”, without implying that the rocks in a particular unit 218 
are all of the same origin and age.     Amphibolites and amphibolite schists occur 219 
throughout the complex, but are  especially common in the central part.  Greenschists 220 
are largely restricted to the southernmost portion of the complex, whereas 221 
metagranitoids have a widespread distribution.  222 
 223 
The dominant gneiss type is biotite orthogneiss, which is characterized by the common 224 
presence of zoned plagioclase and igneous (relict) textures.  In places these rocks have 225 
a  granitic appearance. Biotite is either the sole mafic mineral or is accompanied by 226 
hornblende.  In addition to the mafic minerals, the rocks are composed of varying 227 
amounts of quartz, K-feldspar and plagioclase.  Garnet usually occurs in minor amounts 228 
only or is absent.  Biotite paragneisses are well developed in the Gimpu and Lake Lindu 229 
areas (Egler, 1946; OTCA, 1973) and have also been observed in other localities.  230 
Sillimanite-cordierite-biotite±garnet gneiss is the dominant rock type. It contains 231 
significant amounts of K-feldspar and plagioclase. 232 
 233 
The gneiss unit contains intrusive rocks of granitic, monzonitic, syenitic and dioritic 234 
composition that have been affected by metamorphic processes as evidenced by the 235 
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following features: i) a variably or only locally developed penetrative fabric 236 
represented by the distribution of biotite grains and aggregates, ii) flattened quartz 237 
and feldspar crystals; iii) presence of garnet, cordierite and kyanite; and iv) in the case 238 
of epidiorites, green hornblende and biotite replacing plagioclase and augite.  These 239 
rocks are herein referred to as metagranite etc.  Contacts with the metamorphic host 240 
rocks are either gradational or sharp.  The meta-granitoids may in part have an 241 
anatectic origin. 242 
 243 
Biotite schist is the most common schist type.  It formed after pelitic to more 244 
psammitic sediments and locally grades into quartzitic schists.  The main rock forming 245 
minerals are quartz (partly secondary), plagioclase and biotite, which are commonly 246 
accompanied by andalusite, sillimanite and/or cordierite.  Other minerals that may be 247 
present in subordinate amounts include monazite, garnet, tourmaline, K-feldspar,   248 
muscovite, and kyanite (rare). Hornblende and/or diopside are relatively abundant in 249 
some varieties. The structure of the rocks varies from well-developed schistosity to 250 
dominantly hornfelsic (mosaic texture). An interesting feature of the schists is the  251 
presence of staurolite that has been described in some detail by Egeler (1946). It 252 
always occurs as relicts or pseudomorphs, and is enclosed by later andalusite or its 253 
alteration products (principally sericite). All transitions are found from very small 254 
corroded remnants to more or less homogeneous crystals up to 2.5 mm in diameter. 255 
The widespread occurrence of andalusite-dominated Al-silicate assemblages indicates 256 
high temperature-low pressure conditions and is typical of regional Buchan-type 257 
metamorphism (Hennig et al., 2012).  The schists have locally been affected by contact 258 
metamorphism around young granitoid intrusions. 259 
 260 
The amphibolites and amphibole schists, which are of both igneous and sedimentary 261 
origin, consist of varying amounts of amphibole and plagioclase (dominantly 262 
oligoclase).  They may also contain quartz and/or clinopyroxene (mostly augite), and 263 
less commonly biotite, garnet and/or epidote.   On the basis of textural differences 264 
Egeler (1946) divided  the amphibolites and amphibole schists into a normal type and a 265 
hornfelsic type. The latter  is characterized by a remarkably even-grained and finely 266 
crystalline texture. 267 
 268 
 269 
 270 
3.2 High pressure and ultra-high pressure metamorphic rocks. 271 
 272 
HP and UHP rocks include mafic and felsic granulites, garnet and spinel peridotite, 273 
eclogite, and pyroxenite.  The majority of known occurrences (outcrop and float) are 274 
located in the  Palu and Koro valleys, which form the surface trace of the PKFZ 275 
(Brouwer, 1934; Egeler, 1946; Sopaheluwakan et al., 1995; Kadarusman and Parkinson, 276 
2000), but peridotite has also been observed in outcrops near Lake Lindu (OTCA, 277 
1973), and as float in other locations east of the PKFZ  (including samples RT 5, NWS 278 
351, NWS 362).    279 
 280 
The HP-UHP rocks were previously thought to  occur only as relatively small lenses, 281 
predominantly  <1m to 400m long and <1m to 10m wide, hosted within gneisses and 282 
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granitoids (e.g. OTCA, 1973; Sopaheluwakan et al., 1995; Kadarusman and Parkinson, 283 
2000).   We discovered  immediately west of the Palu valley a significantly  larger body, 284 
consisting of  a series of interbedded mafic and felsic granulites (including sample NWS 285 
373), flanked on either side by sheared peridotite (including NWS 372) and exposed 286 
intermittently over a width of several hundred meters.   The leucocratic granulite 287 
commonly contains up to 15cm wide bands of darker material, and locally kyanite-rich 288 
bands alternating with garnet-rich bands.  This body and  larger-sized  lenses, which 289 
predominantly have NW to NNW trends, were  tectonically emplaced, whereas some 290 
of the smaller ones found in the granitoids are probably xenoliths.  291 
 292 
 293 
 Eclogite composed of garnet, kyanite and talc has been reported from two localities in 294 
the Palu valley, where it occurs as xenoliths in young granites  (Sopaheluwakan et al., 295 
1995).    We collected an eclogite float sample (NWS 209) 10km north of Toboli. It is a 296 
non-foliated, medium-grained rock showing equigranular texture, which is made up of 297 
garnet (40%), omphacite (45%), and quartz (5%) together with secondary augite, 298 
plagioclase, amphibole, and ilmenite. A more detailed description is given by 299 
Kadarusman et al. (2005). 300 
 301 
5.0 Structural aspects 302 
 303 
The rocks of the PMC commonly show a well-developed foliation, defined by 304 
compositional banding, alignment of micas, amphibole and quartzo-feldspathic 305 
segregations, or lensoid leucosomes as a result of anatexis. Mylonization is a common 306 
feature.  The general foliation trend is NNW to NNE with predominantly westerly dips, 307 
but in detail, strikes and dips are quite variable due to folding, faulting and granitoid 308 
intrusions.  309 
 310 
The Tawaeli–Toboli road section is the best studied traverse across the PMC  (Fig 3; 311 
Brouwer, 1934; Sopaheluwakan et al., 1995; Watkinson, 2011; this study).  From west 312 
to east the following rock types are observed: biotite schist and quartzitic biotite 313 
schist, amphibolite and amphibole schist, and granitic gneiss with schist and 314 
amphibolite intercalations.  The rocks have been intruded by granite and granodiorite.       315 
The contact between the schist and amphibolite units is clearly tectonic, probably a 316 
westerly dipping shear zone.  The lower (eastern) part of the amphibolite unit is 317 
strongly mylonitized.   The gneissic rocks have undergone strong tectonic deformation.  318 
Shears have dominantly northwesterly trends with moderate dips towards the SW, and 319 
are ,at least in  part, extensional features (Watkinson, 2011).   320 
 321 
North of Palu, drilling at the Paboya gold prospect has revealed the presence of a 322 
major low-angle brittle-ductile shear zone.  It is characterized by a footwall showing 323 
ductile shearing that transformed gneiss and amphibolite protoliths into phyllonitic 324 
and gneissic schist, and by a hanging wall showing pervasive brittle fracturing, faulting 325 
and chlorite-pyrite alteration in biotite schists.  The fault itself, which dips 25-40o to 326 
the SW, is 10-15m thick and consists of cataclasite/fault breccia.  The character of the 327 
fault suggests that it is a low angle detachment formed on the flank of, and in response 328 
to, dramatic uplift of the metamorphic complex (B.Marten, written comm., 1999). 329 
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 330 
 331 
5.0  Whole rock geochemistry 332 
 333 
A limited number of PMC samples (amphibolite, metagranitoid-orthogneiss, granulite, 334 
peridotite) and two amphibolite samples from the KMC were  analyzed by Actlabs 335 
(Canada) for major oxides and a wide range of trace elements.  Analytical results are 336 
presented   in   Electronic Appendix 1. 337 
 338 
The most interesting results are those for the five amphibolite samples that were 339 
analyzed.  On a primitive mantle-normalized spider diagram  they show depletion in 340 
the more incompatible elements, similar to a  N-MORB pattern, suggesting an oceanic 341 
ridge origin, with the exception of NWS 901, which is characterized by a relative 342 
enrichment in these elements, wich is more similar to  an oceanic island basalt (OIB) or 343 
enriched (E-) MORB pattern (Fig. 4).  344 
 345 
The metagranitoid-orthogneiss group rocks (11 samples) are metaluminous  granitoids  346 
that are characterized by enrichment in Sr, K, Rb and Th with negative Nb anomalies in 347 
mantle-normalized diagrams (not shown).  They have a volcanic arc (VAG) character, as 348 
defined by Pearce et al. (1986).  Most of the samples are high-K (3.5- 5.0% K₂O).  A 349 
noticable exception is NWS 203 that has a K₂0 content of 1.02% and also a lower Na₂0 350 
content (0.53% versus 3.5-4.3%). This together with its distinct isotopic signature (see 351 
6.0) suggests a different source.   352 
 353 
 354 
 355 
 356 
6.0 Radiogenic Isotopes 357 
 358 
Twelve samples were subjected to isotopic analysis for Sr, Nd and Pb. They consist of 359 
ten samples from the PMC, comprising amphibolite, granulite, gneiss and meta-360 
granitoid, and two gneiss samples from the KMC (NWS 773 and 903).  The Sr, Nd and 361 
Pb isotopic compositions as well as the 147Sm/144Nd ratios are given in Table 1 and 362 
plotted in Figure 5; some of these results were already presented in Elburg et al. 363 
(2003). Based on their isotopic characteristics the samples can be divided into three 364 
groups.  365 
 366 
Group 1 includes two amphibolite samples (NWS 580 and 612), showing the lowest Sr, 367 
and highest Nd isotopic values (0.7035–0.7046 and 0.5130–0.5132 respectively).  They 368 
also have the lowest Pb isotope ratios.  These amphibolite features are typical of mafic 369 
igneous rocks without a prolonged crustal history, which is consistent with the MORB-370 
like geochemistry shown by the samples.  The third sample in this group, a muscovite-371 
hornblende gneiss (NWS 773) with slightly higher Sr and Pb and lower Nd isotope 372 
ratios may have been an immature sediment, or subduction–related igneous rock. 373 
 374 
The second group (2) consists of six granulite, gneiss and metagranitoid samples from 375 
the PMC (NWS 757, 610, 596, 584, 602 and 604), and sample NWS 903 from the KMC.  376 
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They display intermediate Sr and Nd isotope characteristics, i.e. 0.7094-0.7179 and 377 
0.5121 and 0.5124 respectively, and have fairly coherent Pb isotopic characteristics, 378 
with 206Pb/204Pb between 18.67 and 18.97, 207Pb/204Pb 15.63-15.68, and 208Pb/204Pb 379 
38.77-39.09.  The Group 2 samples most likely represent upper crustal rocks, and this 380 
is also evident from their Sm-Nd mantle extraction ages, which vary between 0.6 and 381 
1.1 Ga for TCHUR and 1.0 and 1.5 for TDM. This contrasts with the group 1 samples, for 382 
which these ages cannot be calculated as a result of their high 143Nd/144 Nd ratios.  383 
Polvé et al. (2001) report Sr, Nd and Pb isotope results for three peridotite samples 384 
and one granulite sample from the PMC, which fall within the ranges of our Group 2 385 
samples. 386 
 387 
The third group (3) consists of a granitic gneiss (NWS 203) and a granulite (NWS 373) 388 
with very high 87Sr/86Sr ratios (0.7363 and 0.7392 respectively) and low 143Nd/144Nd 389 
ratios (around 0.5118).  The granulite is characterized by having the lowest 206Pb/204Pb 390 
and 208Pb/204Pb of all samples analyzed (17.5 and 37.3 respectively).  It also differs 391 
from the other samples by not falling on the expected positively correlated trend of 392 
147Sm/144Nd versus 143Nd/144Nd ratios.  It has a very high 147Sm/144Nd ratio (0.27) for its 393 
143Nd/144Nd ratio, and this most likely reflects recent melt extraction, leaving a light 394 
rare earth element-depleted residue, which is consistent with the common presence 395 
of garnet in this sample.  This melt extraction event must have been relatively recent, 396 
since the sample would otherwise have developed a higher 143Nd/144Nd ratio.  If the 397 
143Nd/144Nd ratio at the time of melt extraction was higher than 0.5116, this event 398 
most likely happened in the past 100 million years.  Sample NWS 203 probably 399 
represents, like the group 2 samples, an upper crustal rock but is likely to have had a 400 
longer crustal history as is reflected by its mantle extraction age (TCHUR and TDM : 1516 401 
and 1823 Ma respectively), which lies above the range of the group 2 samples (470 – 402 
1063 and 1052 – 1521 Ma).  A mantle extraction age cannot be defined for granulite 403 
NWS 373 owing to the recent change in its Sm/Nd ratio.  The relatively low Pb isotopic 404 
ratios of this sample indicate that its long-term enrichment in Rb and Nd relative to Sr 405 
and Sm was not coupled with an enrichment in U and Th over Pb, features in 406 
agreement with an upper crustal composition. 407 
 408 
A felsic granulite from the PKFZ analyzed by Polvé et al. (2001) shows isotopic 409 
characteristics similar to NWS 203.  These are also similar to isotope values obtained 410 
from gneiss samples from the Malino Complex (van Leeuwen et al., 2007).  The   group 411 
2 samples have no equivalent within this complex, but show similarities to igneous 412 
rocks from the island of Ambon, which have been interpreted to have assimilated 413 
basement material with affinities to sediment derived from south New Guinea (Vroon 414 
et al., 1996).  Igneous samples from  Bacan island (Vroon et al., 1996) or river sediment 415 
from North Australia (Elburg et al., 2002), on the other hand, show far higher Pb 416 
isotopic ratios than any of the PMC and Malino samples. 417 
  418 
 419 
7.0 Geochronology 420 
 421 
Eleven of our PMC samples were analysed by the U-Th-Pb zircon method (ICP-MS and 422 
SHRIMP), and seven by the 39Ar/39Ar method.   423 
 10 
 424 
7.1 Laser ablation U-Th-Pb zircon dating   425 
 426 
Zircon U-Th-Pb ages have been determined for 10 samples from the PMC using the 427 
laser ablation ICP-MS technique. Grains were ablated using a 32 micron circular laser 428 
beam from a LambdaPhysic Ar-F excimer laser in an in-house designed laser ablation 429 
cell connected to an Agilent 7500 ICP-MS. The method is like that fully described by 430 
Bryan et al. (2004). In house designed Excel spreadsheets were used to reduce the data 431 
(Electronic Appendix 2), then ISOPLOT (Ludwig, 2003) was employed  for concordia 432 
plots, discordia fits and calculation of upper and lower intercept ages where 433 
appropriate.   Nine of the PMC samples indicate Neogene thermal disturbance.  Most 434 
of the samples display a spectrum of behaviours from moderately undisturbed  to 435 
mostly reset.  Additional geochemical data from the zircons aid in discerning their 436 
geologic histories.  Zircon populations are discussed in order of simplest behaviour to 437 
most complex. 438 
 439 
In zircons less than about 10 Ma in age, the effect of disequilibrium processes needs to 440 
be considered (Schmitz and Bowring, 2001), whereby the removal of the  intermediate 441 
daughter ²³⁰Th from the growing crystal could cause the ²⁰⁶Pb/238U to too young. The  442 
deficit depends on the distribution coefficient of Th and U between the zircon and the 443 
host. We have not performed a disequilibrium correction for these data, therefore if a 444 
Neogene age of metamorphism is quoted, it is a minimum age. A disequilibrium- 445 
corrected age would be a few percent older. Concordia plots and 446 
cathodoluminescence images are shown in Figures 9 and 10, respectively. 447 
 448 
NWS 373 (isotope group 3) is a kyanite+garnet+plagioclase granulite containing zircon 449 
with distinctive morphology (Fig. 7a). The zircons are equant, their 450 
cathodoluminescence response is generally unbanded (Fig. 7a) inclusions are very 451 
sparse, U contents are low (60-250 ppm), and Th/U is between 0.03 and 2 but most are 452 
between 1 and 2 (relatively high), and P contents are 150-250ppm,which is a common 453 
range for many zircons.  Common Pb contents (%206Pb that is common in all 206Pb) for 454 
individual analyses ranges from 0-13% with most being less than 5%.  Thirty analyses 455 
yielded 208Pb-corrected  206Pb/238U ages from 4.1 to 0.6 Ma and the population mean 456 
age 3.84±0.09 Ma (MSWD of 2.3) if only two grains with very high common Pb 457 
contents are excluded (Fig. 6a). Restricting the population to those analyses 458 
concordant within uncertainty leaves 8 grains with a population age of 3.74±0.14 459 
(MSW=1.73) if one grain with a 2.5 Ma age is excluded from the mean.  Most grains fail 460 
the concordancy test because the 208Pb-based correction does not adequately move 23 461 
of the 30 grains to concordia.  We interpret the zircons to have grown during granulite-462 
facies metamorphic reactions.  The lack of inherited zircon probably reflects the 463 
efficiency of metamorphic reactions in consuming protolith zircon (if it existed), and 464 
producing new zircon at 3.8±0.1 Ma. 465 
 466 
Sample NWS 922 is a hornblende-biotite orthogneiss.  Grains are equant to subequant 467 
and in cathodoluminescence, darker broadly-zoned cores are rimmed by brighter, 468 
broadly-zoned concentric banding (Fig. 7b). They yielded a limited age range for the 31 469 
total analyses (8.5-7.3 Ma) and 19 are concordant within uncertainty (Fig. 6b).  These 470 
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concordant grains form a roughly normal distribution and a mean age of 7.83±0.12 Ma 471 
(MSWD of 3.1).  This MSWD is somewhat high, and the population distribution 472 
suggests that the two oldest ages do not belong to the population.  Removing these 473 
yields 7.80±0.09 Ma (MSWD of 1.9).  Uranium contents for the 31 grains range from 90 474 
to 650 ppm, and average Th/U is 0.57 (±0.10, 1 std dev) with common Pb contents less 475 
than 3.5%.  Phosphorus contents range from below detection limits (~10 ppm) to 50 476 
ppm.  Except for the hint of an older population represented by the two grains, this is a 477 
uniform population that could be interpreted as igneous or metamorphic. However 478 
based on the cathodoluminescence pattern, and the lack of tight concentric zoning 479 
typical of igneous rocks, we favour the interpretation that these zircons are 480 
metamorphic. 481 
 482 
Sample NWS 1026 is a biotite schist, a metasedimentary rock, containing kyanite and 483 
monazite and it shows evidence of Miocene Pb-loss from older zircons (Fig. 6c). 484 
Although this sample gives imprecise ages for both protolith and metamorphism, it 485 
demonstrates well the differences in texture and geochemistry of the two types of 486 
zircon common in schistose rocks.  Zircons are mostly sub-rounded prismatic ones with 487 
many opaque inclusions and in cathodoluminescence, they have bright irregular cores, 488 
dark mantles and very thin (1-2 micron) bright rims (Fig. 7c).  The cores yield Late 489 
Cretaceous to Early Tertiary ages, a few of which are concordant but there is evidence 490 
of older inheritance with two concordant ages of 210 and 365 Ma and one discordant 491 
Proterozoic age.  The zircons with a 60-90 Ma range are not a single population, but a 492 
discordia or a chord connecting these core analyses to the metamorphic zircons.   493 
These zircon cores have variable Th/U of 0.2 to 1.1, P contents of 110-600 ppm, and 494 
common Pb generally <2%.  The dark mantles are all Miocene.  Seventeen of these 495 
grains (4 to 10 Ma) yield a population age of 7.5±0.93 and MSWD of 37.  Six of 17 are 496 
concordant and yield a poorly constrained age of 8.0±1.0 Ma with a high MSWD of 19.  497 
This is not a single age population but all 17 grains have Th/U<0.015 (very low), P 498 
contents <100ppm, and most have common Pb contents of 1.5-3.5% but up to 16%.  499 
We interpret this population as Neogene metamorphic zircon that grew in competition 500 
with monazite, or possible allanite, given the very low Th/U of these Neogene zircons.  501 
Monazite and allanite strongly favour Th over U in their structures and these minerals 502 
are potentially stable in a broad range of P and T in schistose (aluminous) rocks.  503 
Furthermore, we interpret that the protolith was a clastic rock containing zircons of a 504 
range of ages including possibly Cretaceous-Tertiary ones. 505 
 506 
Sample NWS 207 is  a biotite schist from isotope group 2.   Eighty spots were ablated.  507 
A few complicated patterns were not processed.  Two wildly discordant parts of 508 
analyses are ignored.  Many grains gave both core and rim ages, resulting in the 509 
interpretation of 84 segments (Fig. 6d). Concentrating on cores or “inherited ages” 510 
(>10Ma), 18 gave concordant result ranging in age from 1830 to 55Ma.  Except for the 511 
two 1730 and 1830 ages, all the rest are less than 500Ma.  The bulk of the ages are 512 
between 55 and 140Ma.  These appear to be a range of truly concordant ages as 513 
opposed to a group of grains with variable Pb loss especially given the large gap in age 514 
from the oldest of 1830Ma to 500Ma.  It is difficult to imagine fitting a discordia to 515 
these points with a lower intercept in the range of 3Ma.  Three ages in particular:  204, 516 
175 and 74Ma, appear primary.  Now concentrating on the young grains, 51 segments 517 
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gave results <10Ma, but of these 19 are concordant and span 3 to 9 Ma, clearly not a 518 
single population.  There is a cluster of grains between 7 and 8Ma, then an age gap to 519 
3Ma.  These grains have Th/U of 0.04 or less, consistent with metamorphic zircons 520 
formed contemporaneously with a Th-rich phase as above.. 521 
 522 
The remaining 6 PMC samples are all meta-igneous rocks. 523 
 524 
Sample NWS 206 is a meta-granite from isotope group 2.  Sixty ablations were 525 
performed.  About 5 gave patterns that are impossible to interpret.  Two wildly 526 
discordant grains (both short ablation plateau segments) are ignored.  About half the 527 
grains gave patterns such that both rim and core ages could be obtained.  The oldest 528 
core age obtained was 226Ma, and the youngest rim, 3Ma (Fig. 6e).  This encapsulates 529 
our interpretation of this sample; it is a Triassic intrusion that was metamorphosed at 530 
3-4Ma, and any concordant intermediate ages are interpreted as the product of Pb 531 
loss.  The basis of this interpretation is that the 7 oldest concordant grains yield a 532 
weighted mean age of 218±5Ma with an MSWD of 2.0.  This is a 206Pb/238U concordia 533 
age.  There are 11 rim analyses that yield concordant 208Pb-corrected 206Pb/238U 534 
concordia ages to 3 to 4.6Ma, giving a weighted mean of 3.54±0.3Ma with a MSWD of 535 
2.7.  The remaining  analyses are interpreted to have suffered partial Pb loss.  ISOPLOT 536 
was used to calculate the upper intercept age, assuming a lower intercept of 3.5Ma.  537 
There is a small chance that the  pluton could be as old as about 350Ma (upper 538 
intercept age) but given the lack of any concordant ages older than 226Ma, it is 539 
doubtful that the original intrusion was older than ~220Ma. 540 
 541 
Eighteen of the 21 young analyses have P concentrations <100 ppm, unusually low for 542 
igneous zircons.  These same grains have Th/U between 0.01 and 0.1 and U between 543 
250 and 1000ppm, i.e. their Th contents are low for igneous origin.  Clearly these are 544 
metamorphic overgrowths.  In this sample low Th in the rims can be clearly tied to low 545 
P, insinuating that a Th-P mineral (monazite) outcompeted zircon for these elements. 546 
 547 
Sample NWS 928 is a biotite gneiss whose protolith zircons have been partially reset by 548 
a young metamorphism.  Cathodoluminenescence patterns range from complex cores 549 
surrounded by dark-bright broad banding to just the latter (Fig. 7d). This sample has 550 
(215.1±2.5 and 213.5±2.4Ma, and the youngest two at 4.2±0.1 and 3.6±0.1 Ma (Fig. 551 
6f).   Only 3 grains have ages less than 10 Ma and they are geochemically distinct from 552 
other zircons.  They have P contents less than ~100 ppm (detection limits) as compared 553 
to zircons older than 10 Ma (P=200-1350).  The U contents of these three grains is 554 
about 320 ppm, at the high end of the range for this sample.  Four grains have ages 555 
between 212 and 215 Ma, but most have common Pb that is not successfully 556 
corrected.  A discordia fit to 26 of 29 and anchored to 3.5 Ma grains yields an upper 557 
intercept of 278±4 Ma (MSWD of 8.0).  We interpret this as a Triassic or possibly 558 
Permian intermediate igneous rock that was metamorphosed at about 3-4 Ma.  Most 559 
zircons suffered partially Pb loss during recrystallization resulting in intermediate ages 560 
without being  geologic significant.  Only a small volume of zircons were totally 561 
recrystallised at that time.  562 
 563 
13 
Sample NWS 602 is from a metamonzonite containing kyanite (isotope group 2). 564 
Zircons are prismatic to rounded and cathodoluminescence shows complex truncated 565 
cores in broad overgrowths (Fig. 7e).  The 206Pb/238U ages hug the concordia and range 566 
in age from ~200Ma to ~4Ma when the ²⁰⁸Pb corrected ages are considered for 567 
grains<50Ma (Fig. 6g). Only 16 grains are concordant within uncertainty (generally the 568 
oldest and youngest listed above). Note that using a common Pb correction for the 569 
discordant grains works very poorly in moving the analyses to concordia, indicating 570 
that discordance is likely the result of Pb loss and not common Pb. Fitting a discordia 571 
yields a zero intercept, and an upper intercept of 268±33 Ma for 20 of the 36 analysed 572 
grains (MSWD= 3.0) but the oldest single concordant grain is 218±4.0 Ma.  Fifteen 573 
grains have ages less than 10 Ma, and 8 grains with ages less than 4.0 Ma appear to be 574 
a single population, but only six of these are truly concordant.  The grains <4 Ma have 575 
0.4 to 18% common Pb, Th/U of 0.01 to 0.65, and variable U contents (50-1000 ppm). 576 
The 38 grains yield an age of 3.65±0.102 Ma (MSWD= 1.77).  We interpret this as a 577 
Triassic or possibly a Permian granitoid that was metamorphosed at about 3-4 Ma.  All 578 
intermediate ages are interpreted as the result of differential resetting of that Triassic 579 
protolith. However, the Nd isotope data clearly show that the protolith had a longer 580 
crustal prehistory than indicated by these zircon ages. 581 
582 
Sample NWS 927 is a pyroxene-amphibole orthogneiss that yielded a tight age 583 
population between 3.8 and 4.2 Ma for 27 of 32 grains (Fig. 6h).  Five other grains are 584 
much older (minimum ages of 11 to 60 Ma), are discordant, and have suffered 585 
variable, undeterminable Pb loss and interpretation of a protolith age is not possible. 586 
The paucity of old ages is in keeping with the small volume of bright cores observed in 587 
cathodoluminescence image (Fig. 7f). The concordant Miocene population yields a 588 
208Pb-corrected 206Pb/ 238U age of 4.0±0.07 for 25 of 32 grains (MSWD= 6.2).  Including 589 
all analysed grains with ages less than 10 Ma yields the same age of 3.99±0.06 590 
(MSWD= 6.0).  For this population, U contents are moderately high (750-1600 ppm) 591 
and Th/U ratios are relatively low (about 0.05).  Common Pb is less than 3%.  The high 592 
MSWD suggests that it is the material (a real spread of ages) and not the technique 593 
yielding a somewhat imprecise result.  Most likely these are metamorphic zircons 594 
formed during metamorphic growth/recrystallization at a maximum of 4 Ma. 595 
596 
Sample NWS 203, an orthogneiss from isotope group 3, contains 3 inherited grains in 597 
the 23 analysed (Fig. 6i). Only one of these grains is concordant at 230±3Ma, but 598 
abundant core material is indicated in the cathodoluminescence image (Fig. 7g). The 599 
other two have a  ²⁰⁷Pb/²⁰⁶Pb age of about 1730 Ma, and a Mesozoic U/Pb age, 600 
respectively. Moving on to the age of metamorphism,  twenty grains yield ages ranging 601 
from 5.0±3.3 Ma.  The entire population has a very high MSWD (57) and an age of 602 
3.70±0.22 Ma.  Uranium contents are variable (90-2300 ppm) and Th/U ranges 603 
between 0.01 and 0.20.  These grains have common Pb contents of 0.2 to 5% but most 604 
are less than 1%.  Inaccuracies of the common Pb correction do not account for this 605 
age spread.  Alternatively, they are old zircons that experienced thorough but not 606 
complete Pb loss at about 3-4 Ma.  Of the 20 grains, only 8 are concordant after 607 
common Pb correction. Together they yield a MSDW of 36 indicative that at least two 608 
populations are represented. The younger five appear to be a coherent population 609 
with an age of 3.35 ±0.5Ma with MSDW of 0.7 (inset Fig. 6i).  We interpret this rock as 610 
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an igneous rock that was metamorphosed at ~3.5-4 Ma and that the 4-6 Ma ages are 611 
Pb-loss ages of no geological meaning. 612 
 613 
Sample NWS 1017 is a biotite gneiss that has a more complicated zircon population 614 
than the 3 samples above, with a few clearly inherited grains (n=10), and a high 615 
common Pb content in most of the youngest grains (2 to 40%; Fig. 6j).  616 
Cathodoluminescence shows a generally equant crystal shape, complicated cores and 617 
broad rims (Fig. 7h). Only 7 of 32 grains are concordant: 220, 80,60, 36, 16, 4.9, and 3.6 618 
Ma.  Whereas these grains could be interpreted as discordia between 220 and 3.6 Ma 619 
due to Pb losses in a Triassic rock at 3.6 Ma, the majority of grains have 208Pb-corrected 620 
206Pb/238U ages of less than 10 Ma (n= 22) with large common Pb components (2 to 621 
40%), and are not concordant.  These grains define a subhorizontal array on the 622 
concordia diagram.  The youngest discernable subpopulation of 14 grains yields an 623 
imprecise age of 4.24±0.36 (MSWD of 3.75).  These young grains have Th/U of about 1 624 
(0.1 to 2), and low U content of 50-170 ppm.  No firm protolith age or metamorphic 625 
age can be calculated for this sample. 626 
 627 
In conclusion, seven of the ten PMC samples indicate a Pliocene metamorphic event at 628 
3-4 Ma of a significantly older precursor that we interpret to be of Triassic age based 629 
on the occurrence of grains of 210-230 Ma in three samples that display an obvious 630 
discordia.  We favour this protolith age over the Permian upper intercept values 631 
calculated for those same three samples.  Two of the other three samples (NWS 1026, 632 
922) appear to record a somewhat older metamorphic event at 8±1 Ma, (207 also 633 
records the younger event).  The most interesting of the ten samples is NWS 373,   634 
which gives a precise age of its metamorphism (see 10.7), only 3.8 Ma, indicating very 635 
rapid exhumation.  Also of interest is the presence of Proterozoic grains in three 636 
samples (NWS 203, 207, 1026), suggesting involvement of Proterozoic crust or detritus 637 
derived from such crust in the genesis of at least some of the PMC rocks. Isotope data 638 
available for one of these samples (NWS 203) are in agreement with this 639 
interpretation. The isotope signature of NWS 373 also indicates a prolonged crustal 640 
history. 641 
 642 
9.2 SHRIMP U-Pb zircon dating.  643 
 644 
SHRIMP U-Pb zircon dating was undertaken on sample NWS 2, which is a fine-grained 645 
garnet-bearing biotite schist. The zircons vary in size from 50 to 250 µm and contain a 646 
few inclusions. Cathodoluminescence imaging shows oscillatory zoned grains and a few 647 
grains with distinctive cores. U contents are variable (85-2175 ppm) and Th/U is 648 
relatively high (0.48-2.32). Common Pb contents  are low (<0.34%), apart from one 649 
analysis at 1.96%. Fifteen core and three rim analyses yielded ²⁰´Pb-corrected 650 
²⁰⁶Pb/²³⁸U ages from 120.7 ± 1.7 Ma to 67.5 ± 0.9 Ma (Fig. 8a). An individual analysis 651 
from an inherited core yielded an age of 797.4 ± 9.9 Ma. We interpret the zircons to be 652 
igneous zircons that were subsequently reworked into the schist protolith.   The 653 
Cretaceous zircon population is very similar to that obtained from  composite 654 
greywacke sample NWS 1075 (Fig. 8b), which we collected from the Latimojong 655 
Formation  about 20 km southwest of Palu (Fig. 2). Neither sample contains younger 656 
zircons. This suggests that the schist unit is the metamorphosed equivalent of the 657 
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Latimojong Formation, as previously proposed by Kadarusman and Sopaheluwakan 658 
(1995) based on lithological similarity (well-bedded pelitic and psammitic protoliths) 659 
and proximity. NWS 1075 also yielded older zircons ranging between 180 and 2600 Ma 660 
with peaks around 200-270, 500-620, 650 and 1100 Ma (van Leeuwen and Muhardjo, 661 
2005). It should be noted that the original position of NWS 1075 relative to the 662 
position of NWS 2, was about 250 km further north, because of significant post-663 
Cretaceous left-lateral movement along the PKFZ.  664 
 665 
 666 
7.3 U-Th-Pb monazite dating 667 
 668 
Altogether 53 EMP analyses of monazite in biotite paragneiss sample T 18 were 669 
performed. For this purpose only larger grains were considered which occurred in two 670 
hand-polished thin-sections from sample T18. The largest of these grains has a diameter 671 
of about 250 μm. The obtained results (ages and compositional parameters) are 672 
summarized in Figure 9. The determined ages range between nearly 0 and 120 Ma. 673 
Ignoring a very few potential mixed analyses, three monazite populations can be clearly 674 
distinguished with the aid of the chemical parameters Y2O3 content and La to Gd and 675 
ThO2 to UO2 ratios. The youngest population, which is characterized by low Y contents 676 
(< 0.5 wt.% Y2O3) and high La/Gd and ThO2/UO2 (both >22), yielded ages between 1 677 
and 35 Ma based on single analyses. The average age of the corresponding 17 monazite 678 
analyses is 19.8 ± 4.7 (2σ) Ma. Analyses of an older population (> 2 wt.% Y2O3, La/Gd: 679 
<12, and ThO2/UO2: <11) yielded 22 single ages between 25 and 62 Ma with an 680 
average of 41.8 ± 4.9 (2σ) Ma. A third monazite group is characterized by Cretaceous 681 
ages, Y2O3 contents around 1 wt.%, and relatively low La/Gd and ThO2/UO2 ratios. The 682 
three age populations can be determined in one grain and suggest three events. We 683 
interpret the Cretaceous ages to reflect the ages of a detrital monazite population, which 684 
is consistent with the Cretaceous zircon population observed in the schist unit and its 685 
less metamorphosed equivalent.  As discussed in 8.3, the younger ages are metamorphic 686 
ages. 687 
 688 
 689 
7.4 40Ar/39Ar dating 690 
 691 
Biotite, muscovite, K-feldspar and hornblende grains from seven PMC samples were 692 
analyzed by the 40Ar/39Ar method. The results, which have been reported by 693 
Vasconcelos (2000),  are summarized in Table 2. 694 
 695 
 696 
Mineral separates from  five samples (NWS 602, 604, 605, 606, 613) yield well-defined 697 
plateau ages. Ideogram ages for these samples are well-defined curves with a single 698 
peak and consistent with the plateau ages and their weighted mean ages, suggesting 699 
that they are a good estimate. They show a relatively narrow range of 2.1-3.3 Ma.  700 
 701 
The other two samples (NWS 607 and 610) do not produce well-defined results. Of the 702 
6 K-feldspar grains analyzed in NWS 607 three yield reproducible plateaus with ages of 703 
3.2±0.1, 3.9±0.1 and 3.8±0.1 Ma respectively. A fourth grain gives a pseudo-plateau 704 
age of 3.7±0.1. The other two  grains do not produce well-defined plateaus. The 705 
ideogram displays three peaks at 3.2, 3.9 and 4.8 Ma, reflecting the variation of ages 706 
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observed in the incremental-heating spectra. An age of c.3.8 Ma is probably the best 707 
estimate for the feldspar grains. Sample NWS 610 yields saddle spectra for all four 708 
biotite grains analyzed. Two of these give plateau ages of 3.4±0.2 and 4.11±0.04 Ma.  709 
Six hornblende grains also  produce complex saddle-shaped spectra, which indicate 710 
plateau or pseudo-plateau ages ranging between 6.6±0.2 and 4.2±01, Ma.  The 711 
ideograms for both biotite and hornblende show several peaks, the cause of which is 712 
not known. 713 
 714 
 715 
8.0 Discussion 716 
 717 
8.1 Age and origin of the PMC protoliths 718 
 719 
We intepret the gneiss unit  to represent an igneous terrane with a dominant granitoid 720 
component.  The geochemical characteristics of the granitic protoliths  suggest they 721 
were formed in a continental margin setting, and the presence of recycled Proterozoic 722 
zircons suggests proximity to old crust. The Nd model ages for the group 2 samples is 723 
indicative of the involvement of older material, which is in agreement with such 724 
setting. High Sr concentrations in the meta-granitoids preclude their formation by 725 
partial melting of metasedimentary rocks. We propose that the gneiss unit and KMC 726 
gneisses represent exposed parts of a continental fragment of Gondwana affinity, 727 
referred herein as the West Sulawesi block,  which has been inferred to underlie the 728 
northern and central parts of Western Sulawesi (see 1.0). 729 
 730 
Based on the presence of Late Triassic metagranitoids, we suggest that the West 731 
Sulawesi block is derived from a Permo-Triassic igneous belt that extended from the 732 
(proto-) Sula Spur in the west through northern New Guinea to eastern Australia (Fig. 733 
10).  Granitoids of similar age and affinity as the PMC granitoids have been reported 734 
from the Banggai Sula-Taliabu islands, Bird’s Head, Papua New Guinea, and NW 735 
Queensland (Ferdian et al., 2012; Pieters et al., 1983; Charlton, 2001; Murray, 2003}.  A 736 
similar origin has  previously been  suggested  by several authors (e.g. Audley-Charles 737 
et al., 1988; Metcalfe, 1990),  but this is the first time that evidence in support of this 738 
hypothesis is presented. We interpret the amphibolites of oceanic parentage exposed 739 
in the PMC and KMC to be  remnants of Meso-Tethys crust to which the West Sulawesi 740 
block was attached when it separated from Gondwana, and the schist unit to form part 741 
of  an Upper Cretaceous turbidite sequence (7.2) deposited  in a deep marine fore-arc 742 
basin setting associated with a westerly dipping subduction zone beneath the 743 
Sundaland margin (van Leeuwen, 1981; Calvert, 2000).  The Cretaceous zircons  in the 744 
schist unit and its slighly metamorphosed equivalent (Latimojong Formation) may , in 745 
part, be derived from a magmatic belt  that developed further to the west over the 746 
subduction zone, the remnants of which are found in the Meratus Mountains giving 747 
igneous K/Ar ages of 110 to 67 Ma ( Hartono, 2012). The belt  probably continued in a 748 
northerly direction, as suggested by the presence of volcanic intercalations in the 749 
Latimojong Formation (Brouwer, 1934; van Leeuwen and Muhardjo, 2005).  750 
 751 
 Some of the granulites are spatially closely associated with the gneiss unit, suggesting 752 
a common origin, which is supported by the isotopic signature of granulite sample 753 
 17 
NWS 757. The granulites exposed in the PKFZ, represented by sample NWS 373 and a 754 
felsic granulite analyzed by Polvé et al. (2001), have very different isotopic 755 
characteristics, suggesting different source material, possibly related to  a separate  756 
underthrust  block (see 8. 3).   757 
 758 
 759 
Van Leeuwen et al. (2007) proposed that the  MMC, like the West Sulawesi block, has 760 
its origin on the New Guinea margin  based on lithological and age similarities with the 761 
basement of the Bird’s Head. Further support for this hypothesis is provided by detrital 762 
Proterozoic-Archean populations recently obtained by Gunawan et al. (2012) from the 763 
Bird’s Head, which show a reasonable match with (limited) zircon ages reported by van 764 
Leeuwen et al. (2007).   As  the MMC rocks  are isotopically distinct from  group 2 PMC 765 
gneisses, the two units may be derived from different pieces of crust.    766 
 767 
An alternative scenerio for the origin of the PMC and MMC has been advanced by  Hall 768 
(2009, 2012) and Metcalfe (2011), who consider them to be part of a much larger 769 
fragment, named East Java – West Sulawesi block, that was originally positioned on 770 
the NW Australia continental margin. However, this assumes the presence of  Triassic 771 
granitoids in this region, for which todate no evidence has been found.                772 
 773 
 774 
8.2 When did the West Sulawesi block  arrive at the Sundaland margin? 775 
 776 
 Greywackes and sandstones in that part of the Tinombo Formation which overlies the 777 
PMC contain abundant K-feldspar and biotite together with granitic and metamorphic 778 
fragments, whereas these components are virtually absent in Tinombo sedimentary 779 
rocks exposed further to the north (van Leeuwen and Muhardjo, 2005).  Furthermore, 780 
the PMC is intruded by dykes and stocks, which based on their composition and age 781 
appear to be co-magmatic with the Tinombo volcanic rocks (van Leeuwen and 782 
Muhardjo, 2005).  These features indicate that the fragment had arrived prior to the 783 
Middle Eocene. 784 
 785 
 Another clue as to the (minimum) arrival time of  the fragment is provided by the 786 
Cretaceous turbidite deposits. In SW Sulawesi the strata are moderately tilted, 787 
whereas further to the north  they are more strongly deformed and weakly 788 
metamorphosed (van Leeuwen, 1981; Sukamto, 1985; van Leeuwen and Muhardjo, 789 
2005).   These differences in deformation style suggest a  link with the collisionwhich of 790 
the West Sulawesi block  with Sundaland.  A regional unconformity separates the 791 
turbidite deposits from overlying Lower Tertiary sequences, which include volcanics 792 
dated at 65-58 Ma (Sukamto, 1985; Yuwono et al., 1988).  The top of the turbidite 793 
sequence has been dated at about 66  Ma (Hasibuan, 1996; this paper), suggesting that 794 
the PMC protoliths and turbidites were exhumed around 66-65 Ma. Thus the fragment 795 
must have arrived earlier, probably some time during the Late Cretaceous based on 796 
regional plate tectonic reconstructions (e.g. Hall, 2009; Metcalfe, 2011). 797 
 798 
 799 
8.3 Timing of metamorphic events 800 
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 801 
 Our radiometric age dating results combined with geological evidence suggest that the 802 
PMC rocks have been affected by more than one metamorphic event. The presence of 803 
metamorphic detritus in the Tinombo Formation  points to a pre-Eocene event, at least 804 
as far as the gneiss unit is concerned.  Watkinson (2011) suggests that one possibility is 805 
that this event took place prior to the separation of the West Sulawesi block from 806 
Gondwana. However, as Triassic successions in other eastern Indonesia terranes of 807 
Gondwana origin, like the Bird’s Head and Banggai-Sula, and in the offshore Bonaparte 808 
Basin in NW Australia  are not metamorphosed (e.g. Gunawan et al., 2012; Gerrard et 809 
al., 1988; Mory, 1991), it is  more likely that the gneisses underwent metamorphism 810 
during accretion of the West Sulawesi block onto Sundaland. 811 
 812 
Our Tertiary monazite ages show two peaks: c.42±5 Ma and 20±5 Ma. The older peak 813 
can be related to an event that preceded garnet formation as indicated by high Y 814 
contents and low La/Gd ratios in the associated monazite population, whereas the 815 
younger peak can be explained by a melting event in the presence of garnet (low Y 816 
contents in monazite). Interestingly, the younger ages are similar to Sm-Nd ages of 27-817 
20 Ma obtained from a PMC garnet peridotite sample (Kadarusman et al., 2002). The 818 
Sm-Nd ages have been interpreted to reflect the collision between Sundaland and a 819 
micro-continent in the Late Oligocene-Early Miocene (Kadarusman et al., 2002, 2005). 820 
We suggest that metamorphic zircon and Ar/Ar ages of 23-17 Ma reported from the 821 
MMC (van Leeuwen et al., 2007) are linked to the same collision event, which may 822 
have involved the proto-Sula Spur or a related fragment (van Leeuwen et al., 823 
2007;Spakman and Hall., 2010), and that the granulites exposed in the PKFZ have been 824 
sampled from the underthrust micro-continent.  The Eocene monazite ages may be 825 
related to an early phase of the collision, or alternatively to a major rifting event that 826 
began on the south and southeast margin of Sundaland (the area now occupied by the 827 
Makassar Straits and Western Sulawesi) around the beginning of the Middle Eocene 828 
and accelerated in the Middle-Late Eocene (Lunt and van Gorsel, 2013).   829 
 830 
Our ³⁹Ar/´⁰Ar and U/Pb zircon dating results indicate a widespread thermal 831 
metamorphic  event around the Early Pliocene as evidenced by the complete  resetting 832 
of ³⁹Ar/´⁰Ar ages of gneiss and schist unit rocks and the common occurrence of young 833 
zircon overgrowths on, and partial recrystallization of, older zircon grains. As will 834 
discussed in the next section,  the 3.8 Ma zircon age of granulite sample NWS 373 835 
probably reflects  the timing of the peak metamorphism that this  rock underwent, i.e. 836 
it is related the Pliocene metamorphic event. Zircon ages of 7-8 Ma obtained from 837 
samples NWS 922 and 1026  may possibly indicate an earlier (more localized ?) thermal  838 
pulse.  The young event is manifested by Buchan-type metamorphism that is most 839 
obvious  in the schist unit. The question arises as to whether metamorphic features 840 
displayed by the schists are  all the result of the same event as suggested by R.Hall  841 
(pers. commun., 2013), or of two distinct metamorphic events as proposed by Egeler 842 
(1946), i.e. an earlier medium P/T event that produced, among others, a schistose 843 
fabric, staurolite and muscovite, and a young HT/LP event that is characterized by 844 
andalusite and cordierite replacing staurolite, development of hornfelsic textures, and 845 
chemical changes in plagioclase and amphibole.  The main evidence given by Egeler 846 
(1946) in support of the latter hypothesis is that in some locations thermally 847 
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metamorphosed sedimentary and volcanic rocks that lack schistosity (now known to 848 
be of late Miocene-Pliocene age) occur in close proximity to schists and gneisses. The 849 
presence of kyanite observed in a few samples, including schist (NWS 1026) supports 850 
the occurrence of an earlier medium-P event. 851 
 852 
 853 
8.4 Uplift, exhumation and cooling of the PMC and associated granitoids. 854 
 855 
There are several lines of evidence to suggest that cooling and exhumation rates 856 
experienced by the PMC and associated granitoids during the young metamorphic-857 
thermal event were relatively high. The Dondo plutons are among the youngest 858 
granitoids exposed at the Earth’s surface.  Harayama (1992) observes that young 859 
exposed granitoids are rare, because subsurface solidifying plutons take usually ten to 860 
several tens of million years to be cooled and exposed, and that higher than usual 861 
exhumation rates are required to expose such young granites.  862 
 863 
Support for rapid cooling during the Pliocene thermal-metamorphic event at Palu is 864 
provided by the narrow range in 40Ar/39Ar cooling ages obtained from hornblende, K-865 
feldspar and biotite in metamonzonite samples NWS 613, which have different closure 866 
temperatures (Reiners et al., 2005), and 40Ar/39Ar biotite and U/Pb zircon ages yielded 867 
by metamonzonite sample NWS 602. Based on fission track ages for apatite and zircon 868 
obtained from granites located west of Palu, Bellier et al. (2006)  estimated  high 869 
cooling and exhumation rates  from ~4.1 to 3.3 Ma (300 °C/Ma; 0.7-1.0  mm/a),   after 870 
which cooling slowed down dramatically to about 12°C/Ma. Hennig et al. 2014) 871 
calculated a cooling rate of >65⁰ C for the interval 8-4.5 Ma and exhumation rates of 872 
0.75-4.0 mm/a based on a combination of several geochronometers applied to two 873 
granitoid samples from the Neck. They estimated that c.2 km of upper crust has been 874 
removed since the mid-Pliocene. 875 
 876 
Some of the (U)HP rocks may have experienced faster exhumation rates than the bulk 877 
of the PMC rocks as suggested by the nature of granulite sample NWS 373 and 878 
peridotite sample RT5.  The granulite is most likely a partial melt residue given its 879 
aluminous composition which resulted in an abundance of kyanite and garnet, and 880 
absence of orthopyroxene.  The young U/Pb zircon age (3.8 Ma) we obtained from this 881 
sample reflects the zircons’ formation age under high P-T conditions, and not a reset 882 
age for the following two reasons:  1) The sample contains a single population of 883 
strongly recrystallized zircons (equant crystal shapes, no inclusions) and no inherited 884 
zircons; and 2) The zircons exhibit flat HREE patterns, while usually zircons are  HREE 885 
enriched because of the high distribution coefficients for zircon/bulk. Flat patterns are 886 
found only where zircon has co-crystallized with garnet because essentially garnet is 887 
the only mineral  with a higher mineral/bulk distribution (Rubatto, 2002).  Thus the 888 
above evidence indicates that zircon grew in equilibrium with garnet under high P-T 889 
conditions until 3.8 Ma, when the host rock was rapidly exhumed. The minimum 890 
pressure estimate for NWS 373  is 18 kbar at 850o C (H-J Massonne, unpubl. data), 891 
which translates into a depth of about 60km, indicating a minimum average 892 
exhumation rate of 16mm/year. The lack of kelyphites  around garnets in peridotite 893 
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RT5, which has a depth origin of 120km (C.Parkinson, written comm., 1991) also 894 
suggests a very rapid cooling/exhumation history  for this rock. 895 
 896 
 897 
8.5 Tectonic evolution of the PMC 898 
 899 
We propose here a possible scenario for the tectonic evolution of the PMC, based on 900 
data, observations and interpretations presented above, with some  input from models 901 
proposed by earlier authors. 902 
 903 
A major rifting phase occurred on the margin of New Guinea and NW Australia  during 904 
the latest Jurassic-Early Cretaceous (e.g. Pigram and Panggabean, 1984; Metcalfe, 905 
1996, 2011). Several  fragments separated from the continent, including parts of a   906 
Permo-Triassic igneous belt  and underlying basement in the New Guinea regions.  One 907 
of the fragments was the West Sulawesi block.   It travelled northwards  as the Meso-908 
Tethys, to which it was attached, was being subducted beneath Eurasia (e.g. Wakita 909 
and Metcalfe, 2005).   A magmatic arc started to develop in what is now the eastern 910 
edge of Borneo around 110 Ma. This was accompanied by turbidite sedimentation in a 911 
fore-arc basin to the east of the arc, close to the trench system (Latimojong 912 
Formation), and subsequently also at the passive margin of the West Sulawesi block 913 
when it was close to the subduction zone. Following collision of the block with 914 
Sundaland, magmatic activity and  sedimentation ceased, and continental and oceanic 915 
rocks in the subducted slab and  trench sediments that had also been subducted  916 
(protoliths of the schist unit)  were exhumed as tectonic slices.  This process was 917 
completed around 66 Ma. 918 
 919 
During the Early Eocene, Western Sulawesi started to rift away from Borneo,  and the 920 
Makassar Straits formed, probably as a result of spreading of the Celebes Sea (Hall,  921 
2002). There was renewed west-ward subduction accompanied by magmatism, as 922 
recorded in the Tinombo igneous rocks, which ceased in the mid-Oligocene (van 923 
Leeuwen and Muhardjo, 2005), when another continental fragment docked with 924 
Sundaland. Around 13-14 Ma major extension took place throughout Western 925 
Sulawesi (van Leeuwen and Muhardjo, 2005; van Leeuwen et al., 2010), which may be 926 
correlated with rollback in the Banda Sea region (Spakman and Hall, 2010). Hot 927 
asthenoshere started to ascend into the sub-continental lithophere,  as suggested by  928 
tomographic modelling, which shows hot mantle material beneath Western Sulawesi 929 
(W.Spakman, in Meeren, 2009), and a heating event recorded in some of the Palu 930 
granulites (Helmers et al., 1990; Meeren, 2009; H-J Massonne, unpublished data). 931 
Heating of the subcontinental mantle, which had been metasomatized by previous 932 
subduction, initially  caused partially melting. The melt ascended and was tapped by 933 
deep-seated faults, giving rise to shoshonitic to ultrapotassic magmatism (van 934 
Leeuwen and Muhardjo, 2005). Peridotite was transported from depths of ~65km (or 935 
more) to higher crustal levels and got incorporated in the continental crust (Meeren 936 
and van Roermund, 2009).  About 4-6 Ma later the lower crust, consisting 937 
predominantly of meta-igneous rocks, also began to melt partially, as a result of heat 938 
provided by continued asthenospheric upwelling and ascending  mantle-derived 939 
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magma. It generated voluminous felsic magma of high-K calc-alkaline composition 940 
(Elburg and Foden, 1999; Elburg et al., 2003). 941 
  942 
In the early-middle Pliocene the PMC (and adjacent areas) underwent rapid uplift and  943 
exhumation (van Leeuwen and Muhardjo, 2005; Hennig et al., 2014), which has been 944 
attributed to extension driven by clockwise rotation of the North Arm associated with  945 
rollback at the North Sulawesi Trench (Cottam et al., 2011; Hall, 2011), and potentially 946 
aided by deep crustal flow (Hall, 2011).  Felsic magmatism continued (Elburg et al., 947 
2003) and was accompanied by regional Buchan-type metamorphism .  By that time 948 
potassic alkaline magmatic activity had virtually ceased (Elburg et al., 2003). Small 949 
volumes of peridotite, granulite and eclogite ascended from lower crustal levels and 950 
even greater depths,  along the PKFZ and other, poorly defined, deep structures, by 951 
means that are not well understood.  952 
 953 
The proposed extensional setting for the Early Pliocene thermo-metamorphic event 954 
suggests that  during this time the PMC developed as one or more  core complexes, as  955 
first suggested by van Leeuwen and Muhardjo (2005).  This possibility is supported by 956 
the presence of a major detachment fault north of Palu (4.0) and the identification 957 
from Space Shuttle radar topography data of two young metamorphic core complexes 958 
located immediately east of the PMC in the Central Sulawesi Metamorphic  Belt 959 
(Spencer, 2011). 960 
 961 
  962 
9.0 Conclusions 963 
 964 
The most significant findings of our study  are as follows: 1) continental crustal rocks of 965 
Gondwana origin form part of the PMC; 2) the complex also includes sedimentary  966 
protoliths derived from the Sundaland margin, tectonic slices of HP and UHP rocks, and 967 
one or more slices of oceanic crust;  3) a thermal-metamorphic event took place during 968 
the latest Miocene-Pliocene in an extensional setting, involving voluminous felsic 969 
magmatism and Buchan-type metamorphism; and 4) the PMC and young granitoids  970 
underwent very rapid uplift/exhumation and cooling, starting in the Early Pliocene, a 971 
process which continues to this day. 972 
 973 
 We propose  that the continental crustal rocks in the PMC and nearby KMC are the 974 
exposed parts of a larger fragment (the West Sulawesi block), which underlies CW and 975 
NW Sulawesi, and favour an  origin on the Sula Spur - New Guinea margin for this 976 
block.  Our interpretation is primarily based on the presence of Triassic igneous rocks 977 
in the PMC, as such rocks are abundantly present in northern New Guinea and some  978 
crustal fragments in eastern Indonesia  (widely believed to have a Sula Spur - New 979 
Guinea origin).  The  West Sulawesi block arrived at the Sundaland margin  probably in 980 
the  Late Cretaceous before c.66 Ma.  A second collision event probably took place in 981 
the early Cenozoic, involving the proto-Sula Spur or related continental fragment. 982 
Rocks belonging to this fragment are exposed in tectonic slices in the PMC. 983 
 984 
A final comment: the results of our reconnaissance study of the PMC represent only a 985 
few pieces of what appears to be a highly complex puzzle. We hope it will stimulate 986 
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further research, including detailed mapping of critical sections  of the complex and  987 
more radiometric dating, especially of the HP and UHP rocks, which may lead to a 988 
better understanding of the tectonic evolution of the PMC.  989 
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Figure Captions 
 
 
 
Fig. 1 Summary of the geology of the Palu region.  Modified after OTC (1973) and 
van Leeuwen and Muhardjo (2005). PKFZ=Palu-Koro Fault Zone. Insert 
map shows the tectono-stratigraphic provinces of Sulawesi and location of 
Malino Metamorphic Complex (MMC), Palu Metamorphic Complex (PMC) 
and Karossa Metamorphic Complex (KMC). 
 
Fig. 2 Sample locations.  Samples referred to in the text are numbered. 
 
 
Fig. 3 Cross section through the PMC between Tawaeli and Toboli.  Modified 
after  Brouwer et al. (1947) and Sopaheluwakan and Kadarusman (1995). 
                        
 
Fig. 4 Primitive Mantle (PM) normalised diagram for amphibolites samples, which  
mainly show N-MORB-like characteristics.  Only sample NWS 901 shows a 
pattern that is more similar to an ocean island basalt or E-MORB. 
Normalising values from Sun and McDonough (1989). 
 
Fig. 5 Present-day isotopic ratios for Group 1, 2 and 3 samples from the Palu 
complex, and the Karossa Metamorphic Complex (KMC).  Data fields from 
Van Leeuwen et al. (2007):  Malino; Polvé et al. (2001):  PMC; Vroon et al. 
(1996):  Bacan and Ambon, and Elburg et al. (2002):  N Australian 
sediment.  A: 
143
Nd/
144
Nd versus 
87
Sr/
86
Sr. B: 
143
Nd/
144
Nd versus 
147
Sm/
144
Nd.  C: 
207
Pb/
204
Pb versus 
207
Pb/
204
Pb. D: 
208
Pb/
204
Pb versus 
206
Pb/
204
Pb . For details see text. 
 
Fig. 6        Concordia plots. a) Sample NWS 373 (30 points).  Corrected data in red, bold 
where concordant. Uncorrected data in blue, and the analyses paired with 
the concordant corrected data are also bold.  b) NWS 922 (31 points). 
Symbols as in a).   The concordant corrected points appear on the weighted 
average plot (inset).  Omitting 2 clearly older grains (black) the 17 ages give 
a mean of 7.80+/-0.9 Ma with a reasonably low MSWD.  c) NWS 1026 (34 
points). Symbols as in a). Concordant, uncorrected ages for analyses older 
than 60 Ma are shown as solid blue ellipses (n=8) and concordant corrected 
ages for data younger than that as solid red ellipses.  Inset shows Concordia 
plot for those ages <25 Ma. d)  NWS 207.  Upper inset shows the two oldest 
concordant zircons which are Proterozoic. In the lower inset the abundance 
of ages < 10 Ma are displayed. e)  NWS 206.  This rock is dominated by 
ages about 215 Ma, and about 3-4 Ma (lower inset).  The 11 concordant 
young ages give a weighted mean of 3.5 Ma but the relatively high MSWD 
indicates these grains may not represent a single age population (upper 
inset).  f) NWS 928 (29 points).  This sample is dominated by zircons 215 
Figure
to 40 Ma that are close to Concordia but only 4 are truly concordant (bold 
blue ellipses). The oldest 2 ages concordant ages are 213 and 215. There are 
3 grains that give ages < 20 Ma (inset) and two are concordant at about 4 
Ma (bold red ellipses). g) NWS 602 (36 points).  Its Concordia diagram 
shares features with NWS 928 in that many grains are peri-concordant but 
only a few are truly concordant (bold blue).  The oldest concordant point is 
218.6+/-3.5 Ma. h)  NWS 927 (32 points).  This sample yields ages from 
about 3.5 to 4.5 Ma almost exclusively.  Twenty five analyses yield a 
weighted mean of 4.0+/-0.06 Ma with a high MSWD of 6.2 (inset).  i) NWS 
203 (23 points).  Symbols as in a). Five truly concordant grains give an age 
of 3.35+/-0.05 Ma.  Of the older grains, one is concordant at 230 Ma. j) 
NWS 1017 (32 points).  Concordant ages (7) range from 219.4+/-2.6 to 
3.6+/-0.3 Ma.  For further details see text.  
 
Fig. 7     Cathodoluminescence images. a) Representative zircons from NWS 373.  Note 
the equant zircon shape, and distinctive broad, generally unbanded patterns.   
                    b) Representative zircons from NWS 922. Evidence of inherited cores is 
absent. c) Sample NWS 1026.  Cores with irregular edges are obvious and 
are surrounded by broad dark, somewhat mottled rims. Examples of a core 
and a rim ablation are shown. d) NWS 928 showing complex cores in broad 
rims that appear to have a systematic luminescence response (dark-light).  
Image shows ablations of complex cores and what appears to be grains 
exposing “rim only”. e) Sample NWS 602.  Complex truncated cores are 
surrounded by broad rims. f) Image of NWS 927 shows the paucity of core 
material and thus the lack of old ages in the almost fully recrystallized rock. 
g) Zircons from  NWS 203.  Complex, truncated core material is surrounded 
by zoned rims. h) Some zircons from  NWS 1017. 
 
Fig. 8      Zircon age histograms for schist unit sample NWS 2 and Cretaceous population 
obtained from Latimojong Formation sample NWS 1075 (C.Allen, 
unpublished data) showing a strong correlation.  
 
Fig. 9       At the top - histogram related to the 53 monazite ages determined with the 
EMP. A curve was fitted to the age columns considering the two 
populations with average ages of 19.8 ± 4.7 (2σ) Ma and 41.8 ± 4.9 (2σ) Ma 
(see text). The back-scattered electron image in the right upper corner shows 
the two largest monazite grains found in two studied thin-sections of sample 
T18. The gray circles in these monazites refer to the analytical spots. 
Abbreviations: Bt = biotite, Gt = garnet, Qz = quartz, ser. Pl = sericitized 
plagioclase. At the bottom - data of various chemical parameters (Y2O3, 
ThO2/UO2, and La/Gd), which resulted from 53 monazite analyses with the 
EMP, plotted versus the determined age. 
 
 
 
Fig. 10          Distribution of Permian-Triassic granitoids in Eastern Indonesia, Papua 
New Guinea and Eastern Australia. Modified after Amiruddin (2009). 
 
 
 
 
 
 
 
 
 
 
Table 1. Whole rock TIM Sr, Nd and Pb isotopic compositions for selected samples.  The Nd mantle extraction ages were calculated using a 
present-day composition for the Chondrite Uniform Reservoir (CHUR) of 
143
Nd/
144
Nd = 0.512638 with 
147
Sm/
144
Nd = 0.1967 and Depleted Mantle
(DM) of 
143
Nd/
144
Nd = 0.52324 with 
147
Sm/
144
Nd = 0.222.  KMC = Karossa Metamorphic Complex.
Group 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 147Sm/144Nd TCHUR (Ga) TDM  (Ga) 
NWS612 1 plag rich amphibolite 0.703479 0.513154 17.83 15.55 37.60 0.1972 
NWS580 1 amphibolite 0.704627 0.512985 17.86 15.48 37.77 0.2042 
NWS206* 2 bt metagranite 0.715023 18.76 15.64 38.96 
NWS207* 2 bt schist 0.710134 
NWS 584 2 meta-monzonite 0.709422 0.512248 18.79 15.65 39.06 0.1078 0.67 1.16 
NWS 602  2 meta-monzonite/bt 
gneiss 
0.717917 0.512097 18.83 15.65 38.86 0.1174 1.04 1.48 
NWS 604 2 porphyroid 0.712562 0.512176 18.71 15.64 38.91 0.1063 0.78 1.24 
NWS 610 2 hbl bt gneiss 0.708420 0.512305 18.67 15.62 38.77 0.1093 0.58 1.10 
NWS 757 2 granulite 0.710111 0.512127 18.76 15.63 38.78 0.1235 1.06 1.53 
NWS596 2 bt gneiss 0.709494 0.512277 18.74 15.63 38.97 0.0978 0.56 1.03 
NWS 203 3 foliated granite 0.736314 0.511790 18.87 15.66 38.94 0.1116 1.52 1.82 
NWS 373 3 granulite 0.739167 0.511815 17.51 15.54 37.31 0.2679 
NWS773 KMC musc-hbl gneiss 0.705116 0.512792 18.54 15.57 38.47 0.1526 
NWS903 KMC bt-fsp-crd gneiss 0.706775 0.512393 18.97 15.68 39.09 0.1177 0.47 1.05 
*Pb isotopes measured on K-feldspar seperates, Sr isotopes on apatite separates.
Table
Table 2.  Summary results for the ⁴⁰Ar/³⁹Ar analysis of seven PMC samples. 
 
 
 
Sample Rock Type Material Plateau 
Age (Ma) 
 Ideogram 
Age (Ma) 
NWS 602 
 
Meta monzonite 
 
Biotite 7.00 0.40  
 
3.3 
Biotite 3.10 0.10 
Biotite 3.28 0.03 
Biotite 3.10 0.10 
NWS 604 
 
Feldspar gneiss K-feldspar 2.40 0.10  
2.4 
 
K-feldspar 2.60 0.10 
K-feldspar 2.50 0.10 
NWS 605 
 
Mica schist 
 
Muscovite 2.00 0.20  
 
2.1 
Muscovite 2.00 0.60 
Muscovite 2.30 0.20 
Muscovite 2.00 0.10 
NWS 606 
 
 
Mica gneiss 
 
Muscovite 2.50 0.10  
2.5 
 
Muscovite 2.40 0.10 
Muscovite 2.50 0.10 
NWS 607 
 
Feldspar gneiss 
 
K-feldspar * *  
 
3.2 & 3.8 
K-feldspar 3.90 0.10 
K-feldspar 3.20 0.10 
K-feldspar 3.70 0.20 
K-feldspar 3.80 0.10 
K-feldspar A* * 
    
 
3.4 
Biotite 4.50 0.30 
Biotite 3.50 0.20 
Biotite 3.40 0.20 
Biotite 5.30 0.30 
NWS 610 
 
Biotite gneiss 
 
Biotite * *  
 
3.6, 4.1, 4.6 
Biotite * * 
Biotite 3.40 0.20 
Biotite 4.11 0.04 
    
 
 
4.4, 5.6, 6.6 
Hornblende 6.10 0.50 
Hornblende 4.20 0.10 
Hornblende 5.50 0.50 
Hornblende 5.60 0.20 
Hornblende 6.60 0.20 
Hornblende 4.60 0.20 
NWS 613 
 
Feldspar gneiss 
 
Hornblende 3.10 0.10  
 
3.00 
Hornblende * * 
Hornblende 2.40 0.30 
Hornblende 2.40 0.20 
Hornblende 3.10 0.40 
Hornblende 3.00 0.40 
    
 
2.46 
K-feldspar 2.50 0.10 
K-feldspar 2.50 0.10 
K-feldspar 2.30 0.10 
    
 
2.44 
Biotite 2.80 0.10 
Biotite 2.50 0.20 
Biotite 2.40 0.10 
